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I 
NATIONAIJ ADVISORY COMMITTEE F O R _ A 2 R D N A U T I C S  

ADVANCE RESTRICTED BEPOBT 

~1 
AN INVESTIGATION OF A THERMAL ICE-PSEVEIITION SYSTEM 

FOR A C-46 CARGO AIRPLAXE 

VI1 - EFFECT OF THE Ti iEHkAL SYSTEI4 08 THE 

WING-STRUCTURE STRESSES A S  ESTABLISHED I N  FLLGFIT 

3y Alun R. J c n e n  and B e r n a r d  A .  S c b l a f f  

- SUMMARY 

k *  A s  p a r t  o f  a comprehens ive  i n v e s t i g a t i o n  o f  a t h e r n a l  
i c e - p r e v e n t i o n  s y s t e m  f o r  a C u r t i s s - W r i g h t  c-45  a i r p l a n e ,  t h e  
chg-nge i n  s t r e s s  a t  v a r i o u s  l o c a t i o n s  i n  t h e  wing o u t e r  p a n e l  
c a u s e d  by  o D e r a t i o r L  o f  t h e  t h e r m a l  s y s t e m  h a s  b e e n  debe rmined  
i n  f l i g h t .  

Wire r e s i s t a n c e - t y p e  s t r a i n  g a g e s  a n d  t h e r m o c o u p l e s  wsre 
i n s t a l l e d  a t  numerous l o c a t i o n s  i n  t h e  wing.  R e c o r d i n g s  of  
c h a n g e  i n  s t r e s s  and t e m p e r a t u r e  r e s u l t i n g  f r o n !  o p e r a t i o n  o f  
t h e  wing-heating s y s t e m  were o b t a i n e d  f o r  t w o  s p e e d s  i n  l e v e l  
f l i g h t  a n d  one s n e e d  111 a 2 g  bank.  

I 

C u r v e s  a r e  p r e s e n t e d  showing t h e  c h o r d w i s e  v a r i a t i o n  o f  
s t r e s s  a n d  t e r - p e r a t u r e  f o r  t rNo vine s t a t i o n s .  I n  o r d e r  t o  
a f f o r d  some i n d i c a t i o n  o f  t h e  magni tude  a n d  s e r i o u s n e s s  o f  
t h e  s t r e s s  c h a n g e s ,  t h e y  a r c  corn9ared w i t h  t h e  a l l o w a ' o l e  
s t r e s s o s  f o r  t h e  u n h e a t e d  w i n g .  

A l t t o u g h  t h e  t e s t  r e s u l t s  a r e  d i r e ' c t l y  a p p l i c a b l e  t o  t h e  
c-46 wing  o n l y ,  t w o  g e n e r a l  c o n c l u s i o n s  o f  i n t e r e s t  i n  t h e  
design o f  wing h e a t i n g  s y s t e m s  are p r e c e h t e d .  T h e s e  a r e  
( 1 )  t h e  o p e r a t i a n  o f  a wing- leading-edge  t h e r m a l  f c e - p r e v e n -  
t l o n  s y s t e m  c a n  r e s u l t  i n  s k r e s s  c h a n g e s  y h i c h  may ( d e p e n d i n g  
upon upon  t h e  u n h e a t e d  wing marg ins  o f  s a q e t y )  be  n e g l i g i b l e  
for r e g i o n s  a f t  o f  t h e  d o u b l e - s k i n  r e g i o n  b u t  w i l l  r e q u j r e  
i n v e s t i g a t i o n  f o r  t h e  l e a d i n g  edge ;  a n d  (2) l o c a l  t h e r m a l  

sheet-st iffeller c o m b i n a t i o n s  n e a r  t h e  l e a d i n g  e d g e  as\.,& r e s u l t  
L s t r e s s e s ,  p o s s i b l y  o f  c r i t i c a l  m a g n i t u d e ,  c a n  b 3  i n d u c e d  i n  
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o f  t e r p e r a t u r e  g r a d i e n t s  i n ' t h - e  o r d e r  of  30° F between t h e  
s t i f f e n e r  a n d  t h e  a d j a c e n t  s k i n .  

INTHODUCTI ON 

I n  t h e  deve lopment  o f  t h e r m a l  i c e - p r e v e n t i o n  s y s t e n s  f o r  
a i r p l a n e 8  b y  t h e  N A C A ,  t h e  p r i n c i p a l  o b j e c t i v e  has  b e e n  t o  
p r o v i d e  s a t i s f a c t o r y  and r e l i a b l e  sys t en i s  f o r  o p e r a t i o n  o f  
t h e  a i r p l a n e s  i n  i c i n g  conditions. Secondary  p r o b l e m s ,  such 
a s  t h e  e f f e c t  o f  o p e r a t i o n  o f  t h e  t h e r m a l  s y s t e m s  on t h e  a i r -  
p i a n e  s t r e s e e s ,  were a f f o r d e d  s u f f i c i e n t  c o n s i d e r a t i o n  t o  i n -  
s u r e  s a f e  c o n d u c t  o f  f l i g h t  t e a t s  b u t  were n o t  examined i n  
d e t a i l .  The  g e n e r a l  a c c e p t a n c e  o f  t h e  p r a c t i c a b i l i t y  o f  t h e r -  
mal I c e  p r e o e r t i o n  f o r  n i r p l a n e s ,  however ,  h a s  made n e c e s s a r y  
a n  i n v e s t i g a t i o n  o f  t h e f i e  s e c o n d a r y  problemR i n  o r d e r  t o  e s -  
t a b l i e u  t h e i r  magn i tude  and t h e  d e g r s e  o f  c o n s i d e r a t i o n  t o  b e  
asfi igned t o  t hem i n  f u t u r e  d e s i g n f i .  

A p r e l i m i n a r y  e x a n i n a t i o n  o f  t h e  e f f e c t  o f  o p e r a t l . o n  o f  
a wing h e a t i n g  s y s t e m  upon t h e  w i n g  s t r u c t u r e  i n d f c a c e d  t h a t  
t h r e e  f a c t o r s  wese o f  i m p o r t n n c e :  namely ,  (1) a r e d u c t i o n  in 
s t r e n g t h  a n d  e l a s t i c i t y  o f  t h e  w i n g  m a t e r i a l  c a u s e d  by e l e -  
v a t e d  t e m p e r a t u r e s ,  ( 2 )  i n c r e a s e s  i n  s t r e s s  i n  t h e  h e a t e d  l e a d -  
i n g  edge b e c a u s e  o f  r e s t r a i n e d  t h e r m a l  e x p a n s i o n ,  and  (3) i n -  
c r e a s e s  i n  s t r e s s e s  i n  t h e  r e n a i n d e r  o f  t h e  w i n g ,  which i s  
r e l a t i v e l y  u n h e a t e d ,  c a u s e ?  by expans io r .  of t h e  l e a d i n g - e d g e  
r e g i o n .  A l though  t h e  f i r s t  two i t e a s  l i s t e d  were  t h e  u o s t  o b -  
v i o u s  on f i r s t  c o n a i d e r a t i o n  o f  t h e  p r o b l e m ,  t h e  i n c i p i e n t  
f a i l u r e  o f  a Lockheed 124, wiilg outer p a n e l  a t  t h e  r e a r  spar 
due  t o  e x c e s g i v e  e x F a n s i o n  o f  t h e  l e a d i n g  e d g e ,  a8 d e s c r i b e d  
in r e f e r e n c e  1, wa6  e v i d e n c o  t h a t  t h e  l a s t  i t e m  might  p r o v e  t o  
be t h e  m o s t  c r i t i c a l  o f  t h e  t h r e e .  

The p u r p o s e  o f  t h e  i n v e s t i g a t i o n  i ' e p o r t e d  h e r e i n  was t o  
measure t h e  c h a n g e s  i n  s t r e s s  i n  a t y p i c a l  wing  which r e s u l t  
f r o m  t h e  o p e r a t i o n  o f  a t h e r m a l  i c e - p r e v e n t i o n  s y s t e m  i n  o r -  
d e r  t o  e s t a b l i s h  t h e  magn i tude  and s e r i o u s n e s s  o f  t h e s e  
changes  i n  s t r e s s  upon t h e  s t r u c t u r a l  i n t e g r i t y  of t h e  w i n g .  
The t e s t s  were conduc ted  a s  t h e  s e v e n t h  p a r t  o f  a comprehen-  
s i v e  i n v e a t i g a t i o n  o f  a therr i ia l  i c e - p r e v e n t i o n  s y s t e m  for a 
c-46 a i r p l a n e .  The f i r s t  s i x  p a r t s  o f  t h e  i n v e s t i g a t i o n  a r e  
p r e s e n t o d  a8 r e f e r e n c e s  2 t o  7 .  

The f l i g h t  were c o n d u c t e d  a t  t h e  Ames A e r o n a u t i c a l  
L a b o r a t o r y  o f  t h e  N a t i o n a l  A d v i s o r y  Commit tee  f o r  A e r o n a u t i c s ,  
M o f f e t t  Field, C a l i f . ,  a t  t h e  r e q u e s t  o f ,  and i n  c o o p e r a t i o n  
w i t h ,  t h e  Air T e c h n i c a l  S e r v i c e  Command o f  t h e  U. S .  Army A i r  
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F o r c e s .  The a u t h o r s  w i s h  t o  a e k n o y l e d g e  w i t h  a p p r e c i a t i o n  
t h e  v a l u a b l e  a s s i s t a n c e ,  d u r i n g  t h e  r , o n r h ~ c t - - e f  t h e  f l i g h t  
t e s t s ,  oT M r .  R o b e r t  Delarid o f  t h e  C u r t i s s - W r i g h t  C o r p o r a t i o n .  

. .  
D e s c r i p t i o n  o f  Bquipment  

Tne C-46 a i r p l a n e ' t f f g .  1) i s  a t w l n - e n g i n e ,  low-wing, 
t r a n s n o r t - c a r g o  mono-plane powered by P r a t t  e; Whitney model 
R-2800-51 e n g i n e s  h a v i n g  a s e s - - i e v e l  r a t i n g  o f  200C h o r s e -  
power e a c h . '  The  wing  s p a n  i s  108  f e e t ,  t h e  wing  a r e a  1360 
s q u a r e  f e e t ,  and t h e  n o r m a l  gross w e i g h t  4 5 , 0 0 0  p o u n d s .  

The d e t a i l s  o f  c o n s t r u c t i o n  o f  t h e  l e f t - w i n g  o u t e r  p a n e l  
i n  which t h e  s t r e s s  measurements  were  o b t a i n e d  a r e  shown i n  
f i g u r e  2 .  The wing i s  o f  a l l - m e t a l  s t r e s s e d - s k i i  c o n s t r u c t i o n  
w i t h  s p a r s - a t  30 an?. 70 F e r c e n t  o f  t h e  c h o r d .  The s k i n  i s  r e -  
i n f o r c e d  w i t h  spanvyise h a t  s e c t i d n s  and  e x t r u d e d  s t r i n g e r s .  
A t  t h e  wing  r o o t  ( s t a t i o i r  0 )  t h e  o u t e r  p a n e l  i s  a t t a c h e d  t o  
t h e  i n b o a r d  s e c t i o n  t h r o u g h  s p l i c e  a n g l e s  a l o n g  t h e  u p p e r  a h d  
l o w e r  s u r f a c e ;  o f  t h e  wtng .  The wing  n r o f i l e  v a r i e s  f rom a n  
N A C k  23017 s e c t i o n  a t  s t a t i o n  0 ( c h o r d  = 138 i n . )  t o  a n  EACA 
4410,s s e c t i o n  a t  s t a t i d r i  412 ( c h o r d  = 66 i n . > .  

A c o m p l e t e  d e s c r i p t i o n  o f  t h e  r e v i s i o n s  t c  t h e  C-46 a i r -  
p l a n e  f o r  t h e r m a l  i c e  p r e v e n t i o n  i s  g i v e n  i n  r e f e r e n c e  4 ;  
however ,  a b r i e f  o d t l i n e  c f  t h e  a l t e r a t i o n s  a s  t h e y  a f f e c t  t h e  
wing  s t r u c t u r e  will also be g i v e n  h e r e i n .  The h e a t e d  a i r  f o r  
i c e  p r e v e n t i o n  i s  o b t a i n e d  from ' e x h a u s t  - g a s - t o - a i r  h e a t  ex- 
c h a n g e r s  i n s t a l l e d  on e a c h  s i d e  o f  t h e  n a c e l l e s  a s  may o e  s e e n  
i n  f i g u r e  1. Fhe  a i r  from t h e  o u t b o a r d  e x c h a n g e r s  I s  d i r e c t e d  
t o  t h e  o u t e r - p a n e l  l e a d i n g - e d g e  h e a t i n g  s y s t e m  shown i n  f i g -  
u r e s  2 a n d  3. The d e t a i l s  shown i n  f i g u r e  3 compr i se  t h e  
m a j o r  r e v i s i o n s  t o  t h e  w i n g ,  t h e  o n l y  o t h e r  a l t e r a t i o n s  b e i n g  
small-  r e i n f o r c e d  h o l e s  i n  t h e  s p a r  webs ( f i g .  2) f o r  c i r c u l a -  
t i o n  o f  t h e  h e a t e d  a i r .  

The  c h a n g e s  i n  s t r e s s  were measu red  tlrith s t a n d a r d  Baldwin-  
Sou thwark  w i r e  rest stance-type s t r a i n  g a g e s .  I n  d e t e r m i n i n g  
t h e  L o c a t i o n  o f  t h e  g a g e s ,  c o n s i d e r a t i o n  was g i v e n  t o  t h e  
s t r e s s  r e p o r t s  for t h e  u n h e a t e d  w i n g  and  t h e  measured t empera -  
t u r e  d i s t r i b u t i o n  i n  th'e wing as D r e s e n t e d  i n  r e f e r e n c e s  5 a n d  
7 .  The s t r e s s  r e p o r t s  showed t h a t  t h e  m a r g i n s  o f  s a f e t y  were 
a p u r e c i a b l y  l o w e r  ?t t h e  w i n g  r o o t  t h a n  n e a r  t h e  t i p ;  w h i l e  
t h e  t e m p e r a t u r e  d a t a  i n d i c a t e d  t h a t ,  i n  g e n e r a l ,  t h e  spancerise 
d i s t r i b u t i o n  o f  t e m n e r a t u r e  r i s e  f o r  a q i v e n  c h o r d  l o c a t i o n  
w a s  a p p r o x i m a t e l y  c o n s t a n t ' .  The a s s u m p t i o n  v a s  made t h a t ,  f o r  
a given c h o r d  l o c a t i o n ,  t h e  s t r e s s  change  a l o n g  t h e  span  woslld 

, 
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b e  s u b s t a n t i a l l y  c o n s t a n t  w i t h  t h e  a p p l i c a t i o n  of h e a t ;  a n d ,  
t h e r e f o r e ,  t h e  g a g e s  were l o c a t e d  a t  t w o  s t a t i o n s  r e l a t i v e l y  
aea , r  t h e  r o o t  ( 4 7  a n d  137 in,. from s t a t i o n  0 ) .  

The i n d i v i d u a l  l o c a t i o n s  o f  t h e  s t r a i n  g a g e s  and the rmo-  
c o u p l e s  a r e  shown i n  f i g u r e s  4 a n d  5 .  T w o  g e n e r a l  t y p e s  of  
g a g e s  were employed: namely ,  e i n s l e - e l e m e n t  g a g e s  on s t r u c -  
t u r a l  members such  a s  h a t  s e c t i o n s  and s p a r  c a p s  where t h e  
direction of s t r e s s  was known, a n d  t r i p l e - e l e m e n t  g a g e s  o n  
t h e  wing s k i n  where t h e  d i r e c t i o n ,  as w e l l  R S  t h e  m a g n i t u d e ,  
o f  t h e  maximum s t r e s s  had t o  be e s t a b l i s h e d .  All t h e  s i n g l e -  
e lement  g a g e s  ( h e r e i n a f t e r  r e f e r r e d  t o  a s  . p l a i n  g a g e s )  a r e  
d e s i g n a t e d  i n  f i g u r e s  4 and  5 by t h e , l e t t e n  G b e f o r e  t h e  
gage number a n d  were Baldwin-Southwark  t y p e  A-7 g a g e s ,  The 
t r i p l e - e l e m e n t  &gee  (hereinafter r e f e r r e d  t o  as r o s e t t e  
g a g e s )  a r e ' d e s i g n a t e d  i n  f i g u r e s  4 and 5 by t h e  l e t t e r s  R G ,  
bnd were Baldwin-Southwark  t y p e  I B B - 4  gages forward  of 10- 
p e r c e n t  chord  and  t y p e  AB-1 g a g e s  a f t  o f  t h a t  p o i n t .  The ABR- 
4 gage i s  a h i g h - t e m p e r a t u r e  t y p e  r e q n i r e d  on t h e  h e a t e d  l e a d -  
i n g  edge. The d i s c o n t i n u i t i e s  i n  t h e  s t r a i n - g a g e  number ing  
sys tem a r e  t h e  r e s u l t ' o f  o m i t t i n g  f r o m  t h e  l i s t  of g a g e s  t h o s e  
which f a i l e a .  

The p l a i n  g a g e s  were '  i n s t a l l e d  w i t h  t h e i r  s t r a i n - s e n n i  t , i v e  
a x e s  p a r a l l e l  t o  t h e  l o n g i t u d i n a l  a x e s  o f  t h e  s t r u c t n r a l  mem- 
b e r s .  The r o s e t t e  gages were o r i e n t e d  a s  s h o w n  i n  f i g u r e  6 ,  
which a l s o  g i v e s  t h e  d e s i g n a t i o n  f o r  t h e  t h r e e  s t r a i n  e l e m e n t s .  
The f a c t  t h a t  t h e  h i g h - t e m p e r a t u r e  r o s e t t e s  were  s u p p l i e d  i n  EL 
d e l t a  a r r a n g e m e n t  a n d  t h e  l o w - t e m p e r a t u r e  r o s e t t e s  i n  a 45' 
p a t t e r n  h a s  n o  p a r t i c u l a r  s i g n i f i c a n c e .  A f t  o f  t h e  d o u t l e -  
s k i n  r e g i o n  t h e  r o s e t t e  g a g e s  were mounted i n  p a i r s ,  b a c k  t o  
back ,  and  c o n n e c t e d  i n  s e r i e s  i n  o r d e r  t o  e l i m i n a t e  s t r a i n  i n -  
d i c a t i o n s  cfiused by p o s s i b l e  l o c a l  s k i n  b u c k l i s g .  T h i s  p r o -  
c e d u r e  was n o t  f e a s i b l e  i n  t h e  d o u b l e + s k i n  r e g i o n  but  was con- 
s i d e r e d  u n n e c e s s a r y  b e c a u s e  of t h e  s t e b i l i z i n g  e f f e c t  o f  t h e  
i n n e r  c o r r u g a t i o n s .  T w o  t y p i c a l  p l a i n - g a g e  and  one r o s e t t e -  
gage i n s t a l l a t i o n s  a r e  shown i n  f i g u r e  7 .  

I 

I 

I The s t r a i n - g a g e  r e c o r d i n g  equipment  i s  shown i n s t a l l e d  i n  
I t h e  a i r p l a n e  i n  f i g t i r e  8 a n d  c o n s i s t e d  b a s i c a l l y  o f  a 12-chan-  

I box shown i n  f i g u r e  8 p r o v i d e d  a means f o r  c o n n e c t i n g  a n y  1 2  

n e 1  o s c i l l o g r a p h , ' t h r e e  b r i d g e s  of  f o u r  c h a n n e l s  e a c h ,  and. 
' t h r e e  a m p l i f i e r s  of f o u r  c l i a n n e l s  e a c h .  The s t r a i n - g a g e  s w i t c h  

g a g e s  a t  one tim'e t o  t h e  r e c o r d i n g . o s c i l l o g r a p h .  A s c h e m a t i c  
d i ag ram showing t h e  c o m p l e t e  c i r c u i t  f o r  one c h a n n e l  i s  p r e -  
s e n t e d  i n  f igu t .0  9 .  The a c t i v e  and  dummy g a g e s  were c o n n e c t e d  
i n  t w o  a rms  o f  a Whea t s tone  b r i d g e  c i r c u i t ,  t h e  r e m a i n i n g  t w o  
arms c o n s i s t i n g  of V a r i a b l e  r e s i s t o r s  i n  t h e  f o u r - c h o n n e l  
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b r i d g e  b o x e s .  Any gage  c o u l d  be c o n n e c t e d  i n t o  a n y  c h a n n e l  
o f  t h e  o s c l l l o g r a p h  by p l .ugging  i t  i n t o  t h e  p r o p e r  o u t l e t s  
of t h e  s t r a i n - g a g e  s w i t c h  box.  The change  i n  r e s i s t n n c e  of  
t h e  c o p p e r  s t r a i n - g a g e  l e a d  w i r e  c a u s e d  by e l e v a t e d  t empera -  
t i t r e s  i n  t h e  wing w a e  c o n s i d e r e d  t o  be o f  s u f f i c i e n t  magni- 
t u d e  t o  r e q u i r e  t h e  u s e  o f  a compensa t ion  l e a d  w i r e  i n s t a l l e d  
a d j a c e n t  t o  t h e  a c t i v e  l e a d  w i r e  o f  e a c h  g a g e .  Means f o r  
c a l i b r a t i o n  o f  a l l  c h a n n e l s  o f  t h e  r e c o r d i n g  o s c i l l o g r a p h  a t  
a n y  t i m e  d u r i n g  t h e  t e s t  program was p r o v i d e d  by t h e  i n s t a l l a -  
t i o n  of a v a r i a b l e - r e s i s t o r  s w i t c h  and  a c h a n n e l - s e l e c t o r  
s w i t c h  i n  p a r a l l e l  w i t h  t h e  dummy g a g e s .  

S u r f a c e - t y p e  i r o n - c o n s t a n t a n  the rmocoup les . ,  r o l l e d  t o  a 
t h i c k n e s s  of 0.002 i n c h ,  were cemented t o  t h e  aluminum s u r -  
f a c e ,  v i t h ' t h e  j u n c t i o n s  w i t h i n  o n e - q u a r t e r  o f  a n  i n c h  o f  t h e  
s t r a i n - g a g e  e l emen t  8 .  The t h e r m o c o u p l e s  a r e  d e s i g n a t e d  by 
t h e  same number a s  t h e  c o r r e s p o n d i n g  s t r a i n  gage  a n d  a r e  p r e -  
f i x e d  w i t h  t h e  l e t t e r  l?. ( S e e  f i g s .  4 and 5.) A thermo-  
c o u p l e  d e s i g n a t i o n  shown i n  f i g u r e s  4 and  5 which i s  n o t  ac -  
companied by a c o r r e s p o n d i n g  gage  number i n d i c a t e s  t h e  gage  
f a i l e d .  I n  t h e  c a s e  o f  t h e  r o s e t t e  g a g e s  a f t  of  t h e  d o u b l e -  
s k i n  r e g i o n ,  where t w o  g a g e s  were i n s t a l l e d  a t  e a c h  l o c a t i o n ,  
a t h e r m o c o u p l e  was p l a c e d  on e a c h  s i d e  o f  t h e  s k i n  i n  t h e  
e v e n t  t h a t  a n  a p p r e c i a b l e  t e m p e r a t u r e  g r a d i e n t  mfght o c c u r .  
The t e m p e r a t u r e  r e a d i n g s  were r e c o r d e d  w i t h  a Brown r e c o r d i n g  
s e l f - b a l a n c i n g  p o t e n t i o m e t e r  shown i n  f i g u r e  8 .  A d d i t i o n a l  
t h e r m o c o u p l e s  which had  p r e v i o u s l y  been  u s e d  i n  t h e  p e r f o r m -  
a n c e - t e s t  i n s t a l l a t i o n  ( r e f e r e n c e  5 )  were a l s o  c o n n e c t e d  t o  
t h e  B r o w n  r e c o r d e r .  T h e s e  a d d i t i o n a l  t he r rdocoup les  p e r m i t t e d  
t h e  measurement  o f  t h e  a m b i e n t - a i r  t e m p e r a t u r e ,  t h e  a i r  t e a -  
p e r a t u r e  a t  t h e  h e a t - e x c h a n g e r  o u t l e t ,  a n d  t h e  a i r  a n d  s k i n  
t e m p e r a t u r e s  i n  t h e  d o u b l e - s k i n  r e g i o n  at  s t a t i o n s  159  and  
380. 

S t a n d a r d  NACA i n s t r u m e n t s  were i n s t a l l e d  t o  r e c o r d  a i r -  
speed  a n d  n o r m a l  a c c e l e r a t i o n .  An NACA t i m e r ,  shown i n s t a l l e d  
a t  t h e  l e f t  o f  t h e  a i r s p e e d  r e c o r d e r  i n  f i g u r e  8 ,  was u s e d  t o  
s y n c h r o n i z e  t h e  a i r s p e e d ,  a c c e l e r o m e t e r ,  a n d  o s c i l l o g r a p h  r e c -  
ords. The a c c e l e r o m e t e r  was i n s t a l l e d  on t h e  floor o f  t h e  
a i r p l a n e  a t  t n e  c e n t e r  o f  g r a v i t y  a n d  o r i e n t e d  t o  r e c o r d  a c c e l -  
e r a t i o n s  normal  t o  t h e  w i n g  chord  a t  s t a t i o n  0 .  The a i r s p e e d  
r e c o r d e r  was c o n n e c t e d  t o  t h e  s e r v i c e  Kollsman a i r s p e e d - h e a d  
i n s t a l l a t i o n  and  t h e  e r r o r  i n  s t a t i c - p r e s s u r e  r e a d i n g  was de -  
t e r m i n e d  i n  f l i g h t  f o r  a l l  t h e  t e s t  c o n d i t i o n s  w i t h  a t r a i l i n g  
s t a t i c  p r e s s u r e  h e a d .  
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In 3 t  rument Techn ique  

When employing  s t r a i n  gaees t o  measure  s t r e s s  c h a n g e s  i n  
a R t r u c t u r a l  member which i s  s u b j e c t e d  t o  a t e m d e r a t u r e ,  as  
w e l l  a s  a s t r e s s  v a r i a t i o n ,  a q u e s t i o n  a r i s e s  c o n c e r n i n g  t h e  
d i f f e r e n t i e i t i o n  be tween Eovernent due  t o  s t r e s s  a n d  t h a t  d u e  
t o  t h e r m a l  e x p a n s i o n .  Super lmposed  on t h i s  c o m p l i c a t i o n  i s  
t h e  unknawn e f f e c t  o f  e l e v s t e d  t e m p e r a t u r e s  on t h o  r e a i e t a n c e  
of t h e  s t r a i n - g a g e  m a t e r i a l ,  One i n s t a l l a t i o a  rnetkiod common- 
l y  u s e d  t o  overcoinc t h e s e  p r o b l e m s  c o n s i s t s  of  l o c a t i n g  t h e  
dummy s t r a i n  gags b e e i d o  t h e  a c t i v e  gage b u t  cemented'  t o  a 
small b i e c e  o f  t h e  s t r l i c t u r e  m e t a l  which i s  f r e e  t o  expand .  
The c o n u e n s n t i o n  S F  b a s e d  on t h e  a s s u s p t i o n  t h a t  t h e  p i e c e  o f  
m e t a l  t o  which t h e  dummy gage I s  a t t a c h e d  w i l l  assume t h e  
same t e m p e r a t u r e  a s  t h e  s u r f a c e  upon which t h e  a c t i v e  goge i s  ." 
i n s t a l l e d .  T h i s  method wae c o n s i d e r e d  u n r e l i a b l e  i n  t h e  c a s e  
o f  t h e  C-46 wing.  

d L a b o r a t o r y  c a l i b r a t i o n s  were  lriade t o  i n v e s t i g a t e  t h e  
s t r e s e - s t r a i n  c u r v e s  which would r e s u l t  i f  t h e  dummy gage  
ware maCntained a t  a c o n s t a n t  t e m p e r a t u r e  w h i l e  t h e  aluminum 
c a l i b r a t i o n  specimen a n d  t h e  a c t i v e  gage were s u b j e c t e d  t o  
v a r i o u s  s t r e s s e s  a t  d i f f e r e n t  t e m p e r a t u r e s .  The r e s u l t s  of 
t h i s  c a l i b r a t i o n  f o r  a t y p i c a l  s t r a f n  gage  u s e d  i n  t h e  i n v e s -  
t i g a t i o n  a r e .  p r e s e n t e d  i n  f i e u r e  30, The i m p o r t a n t  f a c t  t o  
n o t e  i n  f i g u r e  10 i s  t h a t  t h e  c a l i b r a t i o n  c u r v e s  f o r m  a se- 
r i e s  o f  p a r a l l e l  s t r a i g h t  l i n e s .  T h i s  means t h a t  t h e  s e n s i -  
t i v i t y  f a c t o r  o f  t h e  gnge ( r a t i o  o f  u n i t  change  i n  r e s i s t a n c e  
t o  u n i t  s t r a i n  c a u s i n g  t h i s  c h a n g e ?  i s  i n d e p e n d e n t  o f  t h e  i n i -  
t i a l  s t r e s s  and  t e m p e r a t u r e  t h r o u g h o u t  t h e  c a l i b r a t i o n  r a n g e .  

The method o f  a p p l y i n g  t h e  c a l i b r a t i o n  c u r v e s  o f  f i g u r e  
10 t o  t h e  d e t e r m i n a t i o n  o f  a t r e e s  c h a n g e s  i n  t h e  h e a t e d  wing  
Wac a s  f o l l o w s :  Assume t h a t  p o i n t  a cf  f i g u r e  10  r e p r e s e n t s  
t h e  s t r c R s  a n d  t e m p e r a t u r e  c o n d i t i o n s  a t  a gage  i n  t h e  wing  
b e f o r e  t h e  w i n g  h e a t  wae a p p l i e d .  The t e m p e r a t u r e  o f  p o i n t  a 
w a s  known bu t  t h e  s t r e s s  -wae n o t ;  however ,  s i n c e  o n l y  r s t r e s s  
changes  were t o  be e v a l u a t e d ,  t h e  s t r a i n - r e c o r d i n g  equipment  
was a d j u s t e d  t o  z e r o  r e a d i n g  ( o r  b a l a n c e d ) .  The h e a t  wae ' 

t h e n  d i r e c t e d  t o  t h e  wing  and  t h e  c h a n g e s  i n  t e m p e r a t u y e  a n d  
s t r a i n - g a g e  r e a d i n g  w e r e .  r e c o r d e d .  I f  t h e  t e m p e r a t u r e  change  
had been 30' F a n d  t h e  s t r a i n - g a g e  r e a d i n g  a g r e e d  w i t h  p o i n t  
b, p u r e  e x p a n s i o n  and  n o  change  i n  s t r e e a  would be I n d i c a L e d .  
I f  t h e  R t r a i n - g a g e  r e a d i n g  c o r r e s p o n d e d  t o  p o i n t  c ,  howeV~?r ,  

c h a n g e  i n  s t r e s s  e q u a l  t o  t h e  d i s t a n c e  b e t w e e n  p o i n t 6  C 
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and d - ( o r  a n  i n c r e a s e  i n  t e n s i o n )  was i n d i c a t e d .  I t  i s  
e v i d e n t ' t h a t  t h e  same r e s u l t  would be o b t a i n e d  f o r  any  o t h e r  ~ 

i n i t i a l  p o i n t  o f  e i n s t e a d  of  a s i n c e  t h e  c u r v e  s l o p e s  
were a l l  e q u a l .  Hence t h e  a b s o l u t e  v a l u e  of  t h e  s t r e s s  a t  
t h e  t i m e  o f  b a l a n c i n g  t h e  s t r a i n  equipment  had  no b e a r i n g  on 
t h e  r e s u l t .  

F1  i gh t P r  o c e d u r  e 

A l l  t h e  f l i g h t  t e s t s  were made a t  a p r e f i s u r e  a l t i t u d e .  , . 
of  1 0 , 0 0 0  f e e t  a n d  a t a k e - o f f  g r o s s  we igh t  o f  45,700 p o u n d s .  
Data were  o b t a i n e d  a t  t w o  a i r s p e e d s  (110 and  135 mph, i n d i -  
c a t e d )  i n  l e v e l  f l i g h t  and  a t  1 5 5  t o  165  m i l e s  pe r  hour  i n  a 
2 g  bank a t  c o n s t a n t  a l t i t u d e .  The a i r s y e e d  i n  t h e  2 g  bank 
w a s  c a l c u l a t e d  t o  g i v e  t h e  s a n e  l i f t  c o e f f i c i e n t  as t h a t  ex- 
I s t i n g  i n  t h e  l e v e l - f l i g h t  c o n d i t i o n  a t  1 1 0  m i l e s  p e r  h o u r  i n  
o r d e r  t h a t  t h e  t w o  w. Ing- loading  c o n d i t i o n s  would be d i r e c t l y  
c o m p a r a b l e  w i t h  r e s p e c t  t o  c h o r d w i s e  p r e s s u r e  d i s t r i b u t i o n .  

I n  t h e  c a s e  of  t h e  l e v e l - f l i g h t  t e s t s ,  t h e  a i r p l a n e  was 
s t a b i l i z e d  i n  f l i g h t  a t  t h e  d e s i r e d  speed  and  w i t h  t h e  wing- 
h e a t i n g  sys t en :  i n  t h e  o f f  c o n d i t i o n .  Twelve g a g e s  were 
plugged i n t o  t h e  s t r a i n - g a g e  s w i t c h  box, t h e  equipment  was 
b a l a n c e d ,  a n d , a  c a l i b r a t i o n  r e c o r d  was o b t a i n e d .  A 2-minute  
r e c o r d  was t h e n  t a k e n  w i t n  a l l  t h e  r e c o r d i n g  i n s t r u m e n t s .  
The l e n g t h  of t h e  r e c o r d  was e s t a b l i s h e d  by t h e  t i m e  r e q u i r e d  
f o r  t h e  t h e r m o c o u p l e  r e c o r d e r  t o  comple t e  one c y c l e .  k t  t h e  
c o m p l e t i o n  o f  t h e  h e a t - o f f  r e c o r d i n g ,  t h e  h e a t e d  a i r  was d i -  
r e c t e d  t o  t h e  l e f t - w i n g  o u t e r  p a n e l .  F r e l i m i n a r y  t e s t s  i n d i -  
c a t e d  t h a t  4 m i n u t e s  wag a n  a d e q u a t e  p e r i o d  of  t i m e  f o r  s t a -  
b i l i z a t i o n  o f  t h e  wing t e m p e r a t u r e s .  A t  t h e  end of 4 m i n u t e s ,  
t h e r e f o r e ,  a seccnd  2-minute  r e c o r d  was t a k e n  w i t h  a l l  r e c o r d -  
i n g  i n s t r u m e n t s .  This p r o c e d u r e ,  t h e  h e a t - o f f  r e c o r d i n g  a n d  
h e a t - o n  r e c o r d i n g ,  was t h e n  r e p e a t e d  w i t h  1 2  new g a g e s  u n t i l  
t h e  e n t i r e  gage  i n s t a l l a t i o n  had  been  i n c l u d e d .  The s t r e s s  
c h a n q e s  due  t o  wing h e a t i n g  were takoi i  a s  t h e  d i f f e r e n c e  b e -  
tween t h e  s t r e s s  r z c o r d s  f o r  t h e  t w o  f l i g h t  c o n d i t i o n s  j u s t  
o u t l i n e d  w i t h  c o r r e c t i o n s  b e i n g  made f o r  t e m p e r a t u r e  e f f e c t .  

I n  t h e  c a s e  o f  t h e  2g b a n k e ,  a s l i g h t l y  d i f f e r e n t  p r o -  
c e d u r e  w a s  f o l l o w e d  b e c a u s e  of t h e  d i f f i c u l t i e s  i n v o l v e d  i n  
m a i n t a i n i n g  a r e a s o n a b l y  c o n s t a n t  a c c e l e r a t i o n  o v e r  t h e  e n t i r e  
% m i n u t e  p e r i o d  r e q u i r e d  by t h e  t h e r m a l  r e c o r d e r .  T h e  a i r -  
p l a n e  was f lown  a t  a n  i n d i c a t e d  a i r s p e e d  o f  1 1 0  m i l e s  p e r  h o u r  
i n  a l e v e l  a t t i t u d e  w i t h  t k e  h e a t  o f f ,  a n d  t h e  s t r a i n - g a g e  
equ ipmen t  was b a l a n c e d .  Records  were o b t a i n e d  f o r  t h i s  c o n d i -  
t i o n  w i t h  a l l  r e c o r d i n g  equ ipmen t .  The a i r p l a n e  was t h e n  
banked t o  p r o d u c e  a 2g n o r m a l  a c c e l e r a t i o n  a t  a n  i n d i c a t e d  
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I a i r s p e e d  of  155 t o  1 6 5  m i l e s  p e r  h o u r  .and c o n s t a n t  a l t i t u d e .  
A t  a s i g n a l  f r o m  t h e  p i l o t  i n d i c a t i n g  s t a b l e  f l i g h t  c o n d i - '  
t i o n s ,  a 1 -minu te  r e c o r d  v a s  o b t a i n e d .  The a i r p l a n e  was r e -  
t u r n e d  t o  t h e  l e v e l  a t t i t u d e  ( t h e r m a l  eys tem s t i l l  h e a t  O f f ) ,  
t h e  a i r s p e e d  was s o t  a t  1 1 0  m i l e e  p e r  h o u r ,  t h e  s t r a i n - g a g e  
equipment  was r e b a l a n c e d ,  and  c o m p l e t e  r e c o r d i n g s  were t 8 k e n .  
The e n g i n e  mower was t h e n  i n c r e a s e d  t o  t h a t  r e q u i r e d  i n  t h e  
banked c o n d i t i o n  ( a p p r o x .  32 i n .  Hg m a n i f o l d  p r e e e u r e  a n d  
2200 rpm, e n g i n e  s p e e d ) ,  t h e  t h e r m a l  sys t em s w i t c h e d  t o  h e a t  
o n ,  a n d  t h e  wings a l l o w e d  t o  h e a t  for 4 m i n u t e s  i n  l e v e l  
f l i G h t .  A comple t e  t e m p e r a t u r e  r e c o r d  was t a k e n  a t  t h e  end 
of  t h i s  p e r i o d ,  a n d  t h e  a i r p l a n e  w a e  t h e n  banked  t o  t h e  2g 
a t t i t u d e ,  Again at a s i g n a l  f rom t h e  p i l o t ,  a 1-minute  r e c o r d  
o f  a l l  r e c o r d i n g  i n s t r u m e n t 8  was o b t a i n e d .  A l t h o u g h  t h i s  1- 
minu te  P e r i o d  was a d e q u a t e  f o r  r e c o r d i n g  t h e  s t r e g s  r e c o r d e ,  
only h a l f  t h e  t e m p e r a t u r e  d a t a  c o u l d  be r e c o r d e d  i n  t h i s  i n -  
t e r v a l .  The t o m p e r a t u r e  r e a d i n g s  i n  banked f l i g h t ,  however ,  
. agreed  w i t h i n  t h e  l i m i t s  of e x p e r i m e n t a l  e r r o r  w i t h  t h e  tem- 
p e r a t n r e s  r e c o r d e d  i m m e d t a t e l y  b e f o r e  t h e  bank .  Bence t h e  
level-fliqht-temperature d a t a  were  c o n s i d e r e d  e a t i s f a c t  o r y  
f o r  t h e  banked c o n d i t i o n .  

a 

The d i f f e r e n c e s  be tween {he s t r e s s  r e c o r d s  f o r  l e v e l  
f l i g h t  a t  1 1 0  m i l e s  p e r  h o u r ,  h e a t  o f f ,  a n d  banked  f l i g h t ,  
h e a t  o f f ,  s u p p l i e d  t h e  s t r e s s  c h a n g e s  due  t o  i n c r e a s e d  wing 
l o a d t n g  w i t h  no I n c r e a s e  i n  t e m p e r a t u r e .  The d i f f e r e n c e s  be-  
tween t h e  s t r e s s  r e c o r d s  for l e v e l  f l i g h t  a t  110 m i l e a  p e r  
h o u r ,  h e a t  o f f ,  a n d  banked f l i g h t ,  h e a t  o n ,  s u p p l i e d  t h e  
s t r e s s  c h a n g e s  due t o  i n c r e a s e d  wing l o a d i n g  p l u s  t h o s e  due  
t o  w l n p  h e a t i n g .  The s t r e s s e a  d u e  t o  wing  h e a t i n g  a l o n e  were 
d e t e r m i n e d  by s u b t r a c t i n g  t h e  s t r e s s e s  d u e  t o  i n c r e a s e d  wing  
l o a d i n g  from t h o s e  due  t o  i n c r e a s e d  wing  l o a d i n g  plus heating. 

PRECISION Or DATA 

An e x a c t  d e t e r m i n a t i o n  o f  t h e  a c c u r a c y  of  measurement  
of t h e  s t r e s s  c h a n g e s  was no t  r > o s s l b l e  b e c a u s e  t h e  e v a l u a t i o n  
of some o f  t h e  f a c t o r s  involved ,  w a s  n o t  p r a c t i c a b l e .  A l a b -  
o r a t o r y  c h e c k  of t h e  p r e c i s i o n  o f  t h e  e n t i r e  s t r a i n - g a g e  c i r -  
c u i t  a n d  t h e  f l i g h t - t e s t  p r o c e d u r e ,  however ,  p r e s e n t e d  some 
i n d i c a t i o n  o f  t h e  degree o f  accuracy o f  t h e  final r e s u l t s .  
T h i s  l a b o r a t o r y  c h e c k  was u n d e r t a k e n  w i t h  t h e  equipment  shown 
I n  f i g u r e  11. A s t r a i n  gage  a n d  a t h e r m o c u p l e ,  e a c h  i d e n t i -  
c a l  t o  t h o a e  i n s t a l l e d  i n  t h e  c-46  wing, were i n s t a l l e d  on  a 

men wae e u b j e c t e d  t o  v a r i o u s  known s t r e s s e a  a t  d i f f e r e n t  
t e n s i o n  spec imen of aluminum a l l o y  24s-T a l c l a d .  The speci- d 
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t e m p e r a t u r e s  ( h e a t i n g  b e i n g  o b t a i n e d  w i t h  t h e  l amps  shown i n  
f i g .  11) and  t h e  s t r e s o  a n d  t e m p e r a t u r e  c h a n g e s  r e c o r d e d  w i t h  
t h e  f l i g h t - t e s t  e q u i p m e n t .  

T h e s e  l a b o r a t o r y  r e c o r d s  were e v a l u a t e d  u s i n g  t h e  same 
c a l i b r a t i o n  c u r v e s  employed i n  e s t a b l i s h i n g  t h e  f l i g h t - t e s t  
r e s u l t s  a n d  were compared t o  t h e  known s t r e s s  c h a n g e s .  A 
p r e c i s i o n  of measurement of  2200 p s i  was e s t a b l i s h e d .  Adding  
t o  t h i s  t h e  unknown e r r o r s  i n  c o n s t a n c y  of  f l i g h t  c o n d i t ' i o n s ,  
e f f e c t s  o f  v i b r a t i o n  on i n s t r u m e n t s ,  and s o  f o r t h ,  an a c c u -  
r a c y  o f  *400 p s i  f o r  t h e  s t r e s s - c h a n g e  d a t a  p r e s e n t e d  h e r e i n  
i s  b e l i e v e d  t o  be r e a s o n a b l e .  

Based  on l a b o r a t o r y  c a l i b r a t i o n s  of  t h e  i r o n - c o n s t a n t a n  
t h e r m o c o u p l e  w i r e  and  t h e  B r o w n  r e c o r d i n g  p o t e n t i o m e t e r ,  p l u s  
a n  unknown i n s t a l l a t i o n  e r r o r ,  t h e  t e m p e r a t u r e s  p r e s e n t e d  a r e  
c o n s i d e r e d  a c c u r a t e  t o  rt3" F f o r  t h e  s t r a i n - g a g e  l o c a t i o n s  
a n d  *5' F f o r  t h e  r e m a i n i n g  i n s t a l l a t i o n s .  The 25' F c o r r e c -  
t i 3 n  f o r  s u r f a c e  t h e r m o c o u p l e s  f o r w a r d  o f  t h e  b a f f l e  (5 p e r -  
c s n t  c h o r d )  ment ioned  i n  r e f e r e n c e  5 ha8  been  a p p l i e d  t o  t h e  
d a t a  p r e s e n t e d  f o r  s t a t i o n s  1 5 9  and  380. 

The a i r s p e e d  d a t a  a re  c o n s i d e r e d  a c c u r a t e  t o  *1.5 m i l e s  
p e r  h o u r  f o r  t h e  l e v e l - f l i g h t  t e s t s  a n d  t o  13 m i l e s  p e r  h o u r  
f o r  t h e  banked c o n d i t i o n .  The e r r o r  i n  r e c o r d e d  a c c e l e r a t i o n  
may be t a k e n  as  *O.O2g. 

RE SULT S 

The t e s t  c o n d i t i o n s  and t h e  r e s u l t i n g  t o t a l  h e a t  f l o w  t o  
t h e  l e f t  wing a r e  g i v e n  i n  t a b l e  I. The s t r e s s  changes  meas- 
u r e d  by e a c h  gage  e l e m e n t  a r e  p r e s e n t e d  i n  t a b l e  11, p a r t  1,  
f o r  t h e  p l a i n  g a g e s  a n d  i n  t a b l e  11, p a r t  2, f o r  t h e  r o s e t t e  
g a g e s .  The d a t a  p r e s e n t e d  i n  t a b l e  I1 have  been  c o r r e c t e d  
f o r  t e m D e r a t u r e  e f f e c t  by t h e  method p r e v i o u s l y  o u t l i n e d  i n  
t h e  d i s c u s s i o n  o f  f l i g h t  p r o c e d u r e  and  f i g u r e  1 0 ,  and  r e p r e -  
s e n t  a c t u a l  changes  i n  s t r e s s  f o r  t h e  p l a i n  g a g e s .  For t h e  
r o s e t t e - g a g e  da ta  ( p t .  2 of t a b l e  1 1 )  a f u r t h e r  c o r r e c t i o n  
b a s e d  on t h e  P o i s s o n  r a t i o  e f f e c t  on t h e  gage  r e a d i n g s  murst 
be a p p l i e d .  

The maximum and minimum c h a n g e s  i n  normal  s t r e s s ,  t h e  
maximum chaage  i n  s h e a r ,  a n d  t h e  d i r e c t i o n  of  a c t i o n  o f  t h e s e  
s t r e s s  c h a n g e s  were computed from t h e  r o s e t t e - g a g e  .data 
( t a b l e  11, p t .  2) and a r e  p r e s e n t e d  i n  t a b l e  111. The t e r m s  
"maximum normal t1  and "minimum n o r m a l "  a r e  u s e d  h e r e  i n  t h e i r  
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a l g e b r a i c  sense. The P o i s s o n  r a t i o  c o r r e c t i o n  has been  ap-  d 
p l i e d ,  and  t h e  da€a p r e s e n t e d  i n  t a b l e  I 1 1  r e p r e s e n t  a c t u a l  
s t r e s s  c h a n g e s .  The a n g l e  8 i n  t h e  t a b l e  g i q e s  t h e  d i r e c -  
t i o n  o f  t h e  l i n e  of a c t i o n  of  t h e  maximum change  i n  n o r m a l  
s t r e s s  and  i s  measured f rom t h e  wing  c h o r d  w i t h  t h e  p o s i t i v e  
d i r e c t i o n  a8 shown i n  f i g u r e  6 .  The line of  a c t i o n  o f  the. 
minimnu change  i n  no rma l  s t r e s s  i s  at r i g h t  a n g l e s  t o  t h a t  Of 
t h e  maximum n o r m a l  e t r e a s ,  a n d  t h e  maximum change  i n  s h e a r  i s  
a t  a n  a n g l e  o f  45’ t o  e i t h e r  o f  t h e s e  a x e s .  The r o a e t t e - g a g e  
s t r e s s e s  were a l s o  r e s o l v e d  i n  the spanwise  and c h o r d w i s e  d i -  
r e c t i o n s  and t h e s e  da ta  are p r e s e n t e d  i n  t a b l e  IV. 

R e p r e s e n t a t i v e  t e m p e r a t u r e  da t a  a r e  p r e s e n t e d  i n  t a b l e  v .  
A s t u d y  o f  t h e  t e m p e r a t u r e  da ta  i n d i c a t e d  t h a t  t h e  t e m p e r a t u r e  
d i . f f e r e n c e s  between h e a t  on a n d  h e a t  o f f  a t  a g i v e n  f l i g h t  
c o n d i t i o n  were s u b s t a n t i a l l y  t h e  same a n d ,  t h e r e f o r e ,  o n l y  one 
s e t  o f  da ta  i e  p r e s e n t e d  f o r  e a c h  f l i g h t  c o n d i t i o n .  I n  e o a l -  
u a t i n g  t h e  s t r a i n - g a q e  r e c o r d i n g s ,  however ,  t h e  a c t u a l  t e m p e r -  
a t u r e  r e c o r d e d  a t  t h e  gage  for t h a t  p a r t i c u l a r  r u n  was u s e d .  

DI SOUSSION 4 

The anticip=tcd e f f e c t  Of h , e = t i r g  t.ha wing I n n d i n g  edge 
on  t h e  c h o r d w i s e  wing i t r e s e  d i s t r i b u t i o n  was (1) a n  i n c r e a e e  
i n  c o m p r e s s i o n  for t h e  d o u b l e - s k i n  r e g i o n  a s  a r e s u l t  o f  re- 
s i s t a n c e  t o  t h e r m a l  e x p a n s i o n ,  ( 2 )  an inarease  in t e n e i o n  i n  
t h e  r e g i o n  between t h e  d o u b l e  e k i n  a n d  t h e  3 0 - p e r c e n t  s p a r  
c a u s e d  by t h e  expanded l e a d i n g  edge  p u l l i n g  on t h e  r e l a t i v e l y  
c o o l  a f t e r b o d y ,  and ( 3 )  an i n c r e a s e  i n  c o m p r e s s i o n  at t h e  70- 
p e r c e n t  spar caused  by t h e  t w o  s p a r a  a n d  t h e  w i n g  s k i n  a c t i n g  
a s  a box beam t o  r e s i s t  t h e  moment imposed .  by t h e  e x p a n d i n g  
l e a d i n g  edge .  T h i e  g e n e r a l  t r e n d  i s  e v i d e n t  i n  a l l  t h e  
c u r v e s  s h o w i n g  t h e  c h o r d w i s e  d i s t r i b u t i o n  o f  s t r e s s  c h a n g e .  . 
( s e e  f i g .  12.) T h e s e ’ c u r v e e  a r e  based o n  t h e  v a l u e s  o f  stre813 
change  n o r m a l  t o  t h e . c h o r d  p r e s e n t e d  in t a b l e s  I 1  a n d  IV. 
The c h o r d w i s e  t e m p e r a t u r e  d i s t r i b u t i o n  h a s  been  added  t o  t h e  
s t r e s s - d i s t r i b u t i o n  c u r v e s  i n  o r d e r  t o  f a c i l i t a t e  t h e  i n t e r -  
p r e t a t i o n  a n d  e x p l a n a t i o n  o f  t h e  t e s t  d a t a .  

c o n d i t i o n s  i s  p r e s e n t e d  i n  f i g u r e s  1 2 ( g )  and  12(h).’ A l t h o u g h  
t h e  i n c r e a s e d  h e a t  s u p p l i e d  t o  t h e  wing  i n  t h e  2g  bank i s  
e v i d e n c e d  by  i n c r e a s e d  . c o m p r e s s i o n  a t  t h e  l e a d i n g  edge  and  
801118 d e v i a t i o n  o f  t h e  2g  c u r v e  f r o m  t h e  l e v e l - f l i g h t  c u r v e s  
a t  o t h e r  chord  p o s i t i o n s ;  t h e  o v e r - a l l  a g r e e m e n t  be tween t h e  
e t r e s s e e  f o r  t h e  t h r e e  c o n d i t i o n s  i e  c o n s i d e r e d  s u f f i c i e n t  t Q  
a l I o w  them t o  be d i a c u s s e d  as one  g e n e r a l  t r e n d .  

A compar i son  o f  t h e  e t r e s s  c h a n g e s  f o r  t h e  t h r e e  f l i g h t  
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The e x p e c t e d  c o m p r e s s i o n  a t  t h e  Lead ing  edge  and,  70 -pe r -  
c e n t  s p a r  i s  e v i d e n t  i n  f l g u r e  1 2 .  P r o m  1 0 - t o  3 0 - p e r c e n t  
c h o r d ,  however ,  c o n s i d e r a b l e  v a r i a t i o n  i n  t h e  d a t a  i s  n o t e d .  
I n i s  a p p a r e n t  d i s c r e p a n c y  a t .  f i r s t  a n p e a r s  t o  r e f u t e  t h e  an-  
t i c i p a t e d  general t r e n d ,  but; on f u r . t h e r  e x a m i n a t i o n  i s  s e e n  
t o  be t h e  r e s u l t  of l o c a l  c o n d i t i o n s  supe r imposed  upon t h e  
o v e r - a l l  p a t t e r n .  An example o f  t h i s  e f f e c t  i s .  shown by t h e  
d a t a  p r e s e n t e d  f o r  g a g e s  41, 51 ,  and  52 i n  f i g u r e  1 2 ( & ) .  The 
e x p a h s i o n  o f  t h e  l e a d i n g  edge  would be e x p e c t e d - t o  pull on 
t h e  ha t  s e c t i o n  c o n t a i n i n g  gage 51  a n d  e x e r t  t e n s i o n  s imilar  
t o  gage 3 6  on  t h e  l o w e r  s u r f a c e .  A p p a r e n t l y ,  however ,  t h e  
h e a t e d  a i r  d i s c h a r g i n g  from t h e  d o u b l e  s k i n  h e a t e d  t h e  h a t  
s e c t i o n  c o n s i d e r a b l y  [ n o t e  t e m p e r a t u r e  d i c t r i b u t i o n )  and  t h e  
r e s t r a i n e d  e x p a n s i o n  i n d u c e d  c o i g r e s s i v e  s t r e s s e s  which were 
l a r g e r  t h a n  t h e  induzed  t e n s i o n .  The e x p a n s i o n  f o r c e s  of  t h e  
h a t  s e c t i o n ,  i n  t u r n ,  p l a c e d  t h e  c o l d e r  s k i n  i n  t e n s i o n  as  
s i g n i f i e d  by t h e  i n d i c a t i o n  o f  gage 41, A t  t h e  l o c a t i o n  o f  
gage 52 t h e ' s t r e s s  h a s  a g a i n  r e v e r s e d ,  t i l e  a c t u a l  v a l u e  at, 
gage  52 b e i n g  t h e  r e s u l t  o f  t h e  combined e f f e c t s  o f  s e v e r a l  
f a c t  o r  s o f  unknown m a g n i t u d e .  

A n o t h e r  i n t e r e s t i n g  example o f  l a r g e  s t r . e s s  c h a n g e s  
c a u s e d  by  l o c a l .  c o n d i t i o n s  ( t e m p e r a t u r e  g r a d i e n t  be tween 
s t i f f e n e r  a n d  s k i n )  is p r e s e n t e d  by t h e  i n d i c a t i o n s  of g a g e s  
50 a n d  60  i n  f i g u r ?  12 ' (d ) .  Alt,hough t h e  t w o  g a g e s  a r e  l o c a t e d  
w i t h i n  1 i n c h  o f  e a c h  o t h e r ,  t h e  s t r e s s  i n  t h e  a n g l e  was a b o u t  
3 0 0 0 - p s i  c o m p r e s s i o n ;  whereas  t h e  s k i n  was p r a c t i c a l l y  un- 
s t r e s s e d .  A n  e x a m i n a t i o n  o f  t h e  temperature-distribation 
c u r v e  shows t h a t  t h e  a n g l e  t e m p e r a t u r e  was a p p r o x i m a t e l y  10' I? 
g r e a t e r  t h a n  t h e  s k i n  t e m p e r a t u r e .  F o r  a . c o m p l e t e l y  r e s t r i c t e d  
aluminum member t h e  i n c r e a s e  i n  c o m p r e s s i v e  s t r e s s  for a l o *  F 
t e m p e r a t u r e  ' r i s e  i s  a b o u t  $300 p s i .  I t  a p p e a r s  r e a s o n a b l e ,  
t h e r e f o r e ,  t o  p i c t u r e  t h e  R t r e s s  c h a n g e s  o c c u r r i n g  a t  g a g e s  50 
and  60 as a u n i f o r m  i n c r e a s e  i n  s t r e s s  i n  b o t h  t h e  anPLe a n d  
s k i n  u n t i l  a v a l u e  o f  a b o u t  15OO-psi c o m p r e s s i o n  h a s  been  
a c h i e v e d .  T h i s  i s  f o l l o w e d  by a n  i n c . r e a s e  i n  c o a p r e s s i v e  
s t r e s s  i n  t h e  a n g l e  (caused by a n  i n c r e a s e  i n  t e m p e r a t u r e  o f  
t h e  a n g l e  o n l y )  a n d  a d e c r e a s e  i n  s t r e s s  i n  t h e  s k i n  b e c a u s e  
o f  t h e  s t r e t c h i n g  a c t i o n  o f  t h e  a n g l e .  

3 e c a u s e  l o c a l  c o n d i t i o n s  i n  s o m 8  c a s e s  c a u s e d  l a r g e  
s t r e s s  d i f f e r e n c e s  a t  a g i v e n  chord  l o r . a t i o n  ( t h e  a c t u a l  d e v i -  
a t i o n  deDendSng upon whe the r  t h e  s t r a i n  gaqe  was mounted o n  
t h e  s k i n  o r  on a l o n g i t u d i n a l  s t i f f e n e r )  t h e  s t r e s s  c u r v e s  
p r e s e n t e d  f o r  s t a t i o n  13'7 r e p r e s e n t  s o m e  mean v a l u e s  o f  s t r e s s  
f o r  t h e  r e g i o n  from 1 W t o  3 0 - p e r c e n t  c h o r d .  A l ihougn  t h e  same .' l o c a l  h e a t i n g  e x i s t e d  a t  s t a t l o n  4 7  ( n o t e  t e m p e r a t u r e  d i s t r i -  
b u t i o n  f o r  u p p e r  s u k f a c e ,  f i g s .  1 2 ( a ) ,  1 2 ( b ) ,  a n d  1 2 ( c ) ) ,  t h e  
s c a t t e r  o f  d a t a  was n o t  o b t a i n e d  b e c a n s e  a l l  t h e  g a g e s  i n  t h e  
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L/ l o c a l  h e a t i n g  region were mounted o n  t h e  s t i f f e n e r s .  The 
s t r e s s  c u r v e  f o r  t h e  u p p e r  s u r f a c e  i s ,  t h e r e f o r e ,  more r e p r e -  
s e n t a t i v e  o f  s t r e s s  i n  t h e  s t i f f e n e r s  t h a n  i n  t h e  s k i n .  

. The b e l i e f  t h a t  t h e  s c a t t e r  o f  data  be tween l a a n d  30- 
p e r c e n t  chord  i s .  l a r g e l y  a t t r i b u t a b l e  t o  l o c a l i z e d  h e a t i n g  I 

r a t h e r  t h a n  i n a c c u r a t e  meaourements  i s  v e r i f i e d  by a n  i n s p e c -  
t i o n  o f  f i g u r e s  X2(g)  ctnd 1 2 ( h ) .  T h e s e  c u r v e 6  show c o n s i s t -  
ency  o f  t h e  da$a be tween t h e  t h r e e  f l i g h t  c o n d i t i o n s  f o r  t h e  
r e g i o n s  where t e m p e r a t u r e  g r a d i e n t s  between t h e  i n t e r n a l  
s t r u c t u r e  a n d  @ k i n  were n e z l i g i b l e .  F u r t h e r  examplee  o f  t h i s  
l o c a l  h e a t i n g  e f f e c t  be tween 10- and  3 0 - p e r c e n t  c h o r d  c o u l d  
be  c i t e d ;  however ,  t h e  p u r p o s e  o f  t h i s  r e p o r t  i s  t o  d e t e r m i n e ,  
i n  g e n e r a l ,  t h e  magn i tude  a n d  i l n p o r t a n c e  o f  t h e  s t r e s s  c h a n g e s  
r a t h e r  t h a a  t o  p r e s e n t  a d e t a i l e d  i n v e s t i g a t i o n  of t h e  C-46 . 
w i n g .  

I n  o r d e r - t o  o b t a i n  Borne i n d i c a t i o n  o f  t h e  s e r i o u s n e s s  O f  
t h e  s t r e s s  char iges ,  t h e  t e a t  data  were compared w i t h  t h e  c r i t -  
i c a l  v a l u e s  as s p e c i f i e d  i n  t h e  w i n g  o u t e r - p a n e l  s t r e s s  a n a l -  
y s i s  a8 p r e p a r e d  b y  t h e  a i r p l a n e  m a n u f a c t u r e r .  The f l i g h t  4 

c o n d i t i o n s  c o n s i d e r e d  c r i t i c a l  f o r  t h e  w i n g  o u t e r  p a n e l  in 
t h e  s t r e s s  n n a l y a i s  were c o n d i t i o n s  I ,  11, 1111, a n d  V I 1  a s  
~ r a s = n t , b , d  i:: f e f s l ' s n t e  8 .  L ~ A U  u e s u u p t i o n  i s  made t h a t  t h e  
t h e r m a l  s y s t e m  might be i n  o p e r a t i o n  d u r i n g  a n y  o f  t h e s e  
f l i g h t  c o n d i t i o n s ;  a n d ,  t h e r e f o r e ,  t h e  measured  s t r e s s  c h a n g e s  
a r e  compared w i t h  ( 1 )  t h e  a l l o w a b l e  s t r e s s  and  ( 2 )  t h e  c r i t i -  
c a l  margins o f  s a f e t y .  A c o m p l e t e  and  p r e c i s e  compar i son  was 
n o t  p r a c t i c a b l e  b e c a u s e  (1) s o m e  o f  t h e  s t r a i n - g a g e  l o c a t i o n s  
were n o t  c o n s i d e r e d  c r i t i c a l  i n  t h e  s t r e s e  a n a l y s i s  a n d ,  t h e r e -  
f o r e ,  n o  m a r g i n  o f  s a f e t y  w a s  p r e s e n t e d ,  ( 2 )  t h e  n e a r e s t  s ta-  
t i o n  t o  137 c o v e r e d  by t h e  s t r e s 0  a n a l y s i s  was s t a t i o n  1 1 2  
( o r  25 i n .  i n b o a r d  o f  1371, a n d  (3) i n  t h e  l e a d i n g - e d g e  region, 
t h e  tyDa O f  wing c o n s t r u c t t i o n  W A S  c o n s i d e r a b l y  d i f f e r e n t  f rom 
t h a t  u s e d  in t h e  s t r e s s  a n a l y s i s .  

m r  - 

The s t r e s s  c h a n g e s  i n  t h e  l u n g i t u d i n a l  s t i f f e n e r s  a n d  
epar c a p s  r anged  f r o m  1 t o  5 p e r c e n t  of t h e  a l l o w a b l e  s t r e s s  
w i t h  t h e  e x c e p t i o n  of  a few s t i f f e n e r s  near t h e  l e a d i n g  e d g e .  
Whether o r  n o t  such  c h a n g e s  a r e  c r i t t c a l  d e p e n d s ,  of  c o u r s e ,  
upon t h e  p a r t i c u l a r  marg in  o f  s a f e t y  f o r  e a c h  s t i f f e n e r .  Fo r  
t h e  s p e c i f i c  c a s e  o f  t h e  C-46 wing t h e  m a r g i n 8  were s u f f i c i e n t -  
ly h i g h  i n  m o s t  c a s e s  t o  a b s o r b  a n  i n c r e a s e  of  5 p e r c e n t  O f  
t h e  a l l o w a b l e .  I t  would be i n a d v i s a b l e ,  h o w e v e r ,  t o  make t h e  
general .  s t a t e m e n t  t h a t  i n c r e a s e s  in a t r e e s  o f  t h i s  magn i tude  
a r e  n o t  c r i t i c a l  b e c a u s e  o f  t h e  s p e c i f i c  n a t u r e  o f  t h e  p r o b l e m .  
F o r  example,  t h e  i n c r e a s e  i n  s t r e s s  o f  t h e  T - s e c t i o n  c o n t a i n -  c 

ing: gage 5 2  a t  s t a t i o n  137 was only 8,OO-psi c o m p r e s s i o n ,  o r  
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d a b o u t  2 p e r c e n t  of t h e  a l l o w a b l e  s t r e s s  f o r  t h a t  member . .  T h i s  
i n c r e a s e ,  however ,  was s u f f i c i e n t  t o  r e d u c e  t h e  a l r e a d y  c r i t -  
i c a l  margin  of s a f e t y  from 0 . 0 6  t o  0.03. The s p a r  Cap6, on 
t h e  o t h e r  hand ,  b e c a u s e  of  t h e i r  l a r g e  m a r g l n s  of s a f e t y  may 
be c o n s i d e r e d  as  u n a f f e c t e d  by  t h e  t h e r m a l  s t r e s s  c h a n g e s .  

In t .he c a e e  o f  l o n g i t u d i n a l  s t i f f e n e r s  l o c a t e d  n e a r  t h e  
p o i n t  o f  d i s c h a r g e  of  t h e  h e a t e d  a i r  from t h e  d o u b l e - s k i n  
r e g i o n  ( g a g e s  50 and  5 l ) , t h e  c h a n g e s  i n  s t r e s s  r anged  f r o q  
1 0  t o  1 6  p e r c e n t  of t h e  a l l o w a b l e  s t r e s s .  T h e . v a l u e  of  1s 
p e r c e n t  was obt .a ined w i t h  gage 50  a n d  t h e  i n c r e a ' s e d  s t r e s s  
( 2 8 0 0 - p s i  c o m p r e s s i o n )  would be s u f f i c i e n t  t o  change t h e  mar- 
g i n  of s a f e t y  f o r  t h e  a n g l e  i n  cornpress ion  f rom 0.08 t o  -0 .08.  
A l t h o u g h  t h i s  n e g a t i v e  margfn  i s  small  t h e  i m p o r t a n t  f a c t  t o  
n o t e  i s  t h a t  impingement  o f  t h e  h e a t e d  a i r  d i r e c t l y  upon a 
s t r u c t u r a l  member may i n d u c e  s t r e s s e s  whfch a r e  l a r g e  enough 
t o  change  t h e  marg in  o f  s a f e t y  from a s a t i s f a c t o r y  t o  a n  un- 
a c c e p t a b l e  v a l u e .  I n  t h i s  c o n n e c t i o n  i t  i s  of  i n t e r e s t  t o  
n o t e  t h e  e f f e c t  of  s t r i n g e r  c o n f l g u r a t i o n  o n  t h e  t e m p e r a t u r e  
d i s t r i b u t i o n .  An i n s p e c t i o n  o f  t h e  u p p e r - s u r f a c e  t e m p e r a t u r e s  
for e i t h e r  s t a t i o n  p r e s e n t e d  i n  f i g u r e  1 2  shows t h a t  a l a r g e r  

e n e r  s, a n d  hence  l a r g e r  l o c a l  s t r e s s  c h a n g e s ,  was measured 
f o r  t h e  h a t  s e c t i o n s  t h a n  f o r  t h e  T - s e c t i o h s .  I n  r e g i o n s  
where h e a t e d - a i r  d i  schclrge i s  a p t  t o  c a u s e  l o c a l  o v e r h e a t i n g  
o f  t h e  w i n g  s t r u c t u r e ,  t h e r e f o r e ,  t h e  a i r  s h o u l d  be d i r e c t e d  
away f rom t h e  s t r u c t u r e  by n o n s t r u c t u r a l  v a n e s  a n d ,  i f  p r a c -  . 
t i c a b l e ,  t h e  s t r u c t u r a l  member s h o u l d  h a v e  a maximum a f  a r e a  
i n  c o n t a c t  w i t h  t h e  s k i n .  

. t e m p e r a t u r e  g r a d i e n t  be tween t h e  s k i n  a n d  t h e  a d j a c e n t  s t i f f -  

The maximum s h e a r - s t r e s s  c h a n g e s  i n  t h e  s k i n  a f t  of  t h e  
d o u b l e - s k i n  r e g i o n ,  a s  measured by r o s e t t e  g a g e s  4 ,  32, 41, 
and  60  a n d  p r e s e n t e d  i n  t a b l e  111, were a l l  o f  l o w  magni tude  
( a b o u t  2 p e r c e n t  o f  t h e  a l l o w a b l e  s h e a r  s t r e s s ) .  The m a r g i n s  
of  s a f e t y  a t  t h e s e  l o c a t i o n s  were a l l  l a r g e  and  q u i t e  c a p a b l e  
of  a b s o r b i n g  t h e  2 - p e r c e n t  i n c r e a s e  i n  s t r e s s .  A s  m e n t i o n e d  
p r e v i o u s l y ,  however ,  t h i s  g e n e r a l  c o n c l u s i o n  s h o u l d  n o t  be 
a p p l i e d  i n d i s c r i m i n a t e l y  t o  o t h e r  wing s t r u c t u r e s .  

The l a r g e s t  c h a n g e s  i n  s t r e s s  were measured  a t  t h e  wing  
l e a d i n g  e d g e , b u t  a r e  p a r t i c u l a r l y  d i f f i c u l t  t o  i n t e r p r e t  be-  
c a u s e  o f  t h e  l a c k  of  d a t a  on t h e  a l l o w a b l e  l e a d i n g - e d g e  
s t r e s s e s .  Some t e s t  d a t a  a r e  a v a i l a b l e  which c a n  be r e a s o n -  
a b l y  a p p l i e d  t o  t h e  C-46 l e a d i n g - e d g e  c o n s t r u c t i o n ,  D r i o r  t o  
r e v i s i o n s  t o  i n c o r p o r a t e  t h e  t h e r m a l  s y s t e m ,  bu t  i n f o r m a t i o n  
on t h e  d o u b l e - s k i n  t y p e  o f  c o n s t r u c t i o n  d i d  n o t  a p p e a r  t o  be 
a v a i l a b l e .  I n  o r d e r  t o  o b t a i n  some i n d i c a t i o n  of t h e  s e r i o u s -  
n e s s  o f  t h e  measured l e a d i n g - e d g e  s t r e s s  c h a n g e s ,  t h e  r e v i s e d  .' 
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wing  s t r e s s e s  w i l l  be compared t o  t h o s e  a l l o w a b l e  f o r  t h e  un-  
a l t e r e d  l e a d i n g  e d g e .  T h e - s t r u c t u r a l  e f f e c t  o f  tb.e ilzr.er Cor- 
r u g a t i o r , s  w i l l  o f  n e c e s s i t y  r e m a i n  a n  unknown f a c t o r  i n  t h i s  
r e a o r t .  

In t h e  wing  s t r u c t u r a l  a n a l y s i s  f o r  t h e  u n r e v i s e d  l e a d i n g  
edge  tk-e s k i n  was c a n s i d e r e d  t o  c a r r y  o n l y  n h e a r  due  t o  t o r -  
s i o n  and beam b e n d i n g .  A s t r e s s  e l e m e n t  on t h e  l e a d i n g  e d g e  
a t  s t a t i o n  47  ( l o c a t i o n  o f  gage 7 )  would t h e r e f o r e  be  r e p r e -  
s e n t e d  a s  shown i n  f i g u r e  l 3 ( a } .  T h e  c h o r d w i s e  s h e a r  s t r e h s  
o f  7300 p s i  r e p r e s e n t s  t h e  meximum v a l u e  i n v e s t i g a t e d  i n  t h e  
s t r e s s  a n a l y s i s ,  and  c o a p r o s s i o n  i n  t h e  l e a d i n g  e d g e  d u e  t o  
c h o r d  b e n d i n g  was c o n s i d e r e d  n e g l i g i b l e .  O p e r a t i o n  of  t h e  
t h e r m a l  s y s t e m  p r o d u c e d  a d d i t i o n a l  no rma l  s t r e s o e s  o f  s p p r o x -  
i m a t e l y  4 0 0 0 - p s i  s p a n w i s e  c o m p r e s s i o n ,  a n d  5 0 0 0 - p s i  c h o r d w i s e  
t e n s i o n  ( d a t a  f o r  g a g e  7 ,  t a b l e  IV), as shown i n  f i g u r e  1 3 G b ) .  
S i n c e  t h e s e  normal  s t r e s s e s  c a n  bo  c a n s i d e r e d  t h e  p r i n c i p a l  
s t r e s s e s  ( t a b l e  111, a n g l e  6,  a p p r o x .  O o ) ,  n o  a d d i t i o n a l  
s h e a r  is added  t o  t h e - s t r e s s  e l e m e n t  i n  a c h o r d w i s e  d i r e o t i o n .  
The a c t u a l  s t r e s e a s  e x j s t i n g  a t  g a g e  7 d u r i n g  o p e r a t i o n  of 
t h e  t h e r m a l  s y s t e m ,  t h e r e f o r e ,  may b e  t a k e n  as mhown i n  f i g u r e  
1 3 ( b ) .  

The a l l o w a b l e  e t r e s s  f o r  t h e  u n h e a t e d  l e a d i n g  edge was 
p r e s e n t e d  i n  t h e  s t r e s s  a n a l y s i s  a s  t h e  s t r e s s  a t  f a i l u r e  i n  
a n  u n s t i f f e n e d  t h i n - w a l l e d  . c y l i n d e r  i n  p u r e  t o r s i o n ,  ( S e e  
r e f e r e n c e  9.) From r e f e r e n c e  1 0 ,  t h e . h e a t e d  l e a d i n g  edge  c a n  
be  a p p r o x i m a t e d  by a c y l i n d e r  i n  combined loadinio:  f o r  wh ich  
t h e  t h r e e  a l l o w a b l e  s t r e s s e s  a r e  r e l a t e d  by t h e  e q u a t i o n  a s  
f o l l o w s :  

(?)" + (F), b + (;;) C = 1 

C s 

where 

f C  

Fc . ' a l l o w a b l e  c o m p r e s s i v e  s t r e s s  f o r  p u r e  c o m p r e s s i o n  

f* a l ' l owab le  s h e a r  s t r e s s  i n  combined l o a d i n g  

a l l o w a b l e  s h e a r  e t r e s 6  f o r  p u r e  s h e a r  

a l l o w a b l e  t ' e n s i o n  s t r e ~ s  i n  combined l o a d i n g  

a l l o w a b l e  c o m p r e s s i v e  s t r e s s  i n  co'm'bined l o a d i n g  

F S  

f t  

B't allowable t e n e i o n  s t r e s s  f o r  p u r e  t e n s i o n  

a , b , c  e m p i r i c a l  e x p o n e n t s  

I 

I 

4 

I 

c 
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No d a t f i  were a v a i l a b l e  on t e s t s  o f  c y l i n d e r s  i n  combined com- 
p r e s s i o n ,  t e n s i o n ,  a n d  s h e a r  from which e x p o n e n t s  a, b, a n d  
c c o u l d  be e v a l u a t e d .  I f  t h e  s k i n  i s  assumed c a p a b l e  of  de-  
v e l o p i n g  t h e  u l t i m a t e  t e n s i o n  s t r e s s  i n  p u r e  t e n s f o n  ( i . e . ,  
i f  F t  = 56,GOO p s i ) ,  t h e  factor ft/Ft may be n e g l e c t e d .  
A c o n s i d e r a t i o n  o f  r e f e r e n c e s  1 0  and  11 r e l a t f v e  t o  t h e  a e r o -  
dynamic shear s t r e s s e s  and  t h e  t h e r m a l  c o m p r e s s i v e  s t r e s s e s  
i n d i c a t e d  t h a t  e q u a t i o n  (1) cou ld  be e x p r e s s e d  as 

2 

fe + (2) = 1 
FC 

( 2 )  

The a l l o w a b l e  s h e a r  s t r e s s  due t o  p u r e  t o r s i o n  Fs may 
be t a k e n  a s  t h e  same v a l u e  p r e s e n t e d  f o r  t h e  u n h e a t e d  L e a d i n g  
edge o r  9 7 0 0  p s i .  T h i s  v a l u e  was obtciir ied f rom r e f e r e n c e  9 
f a r  v a l u e s  of t / r  = 2.37 a n d  r/t = 158 

where 

z l e n g t h  o f  c y l i n d e r  

r r a u i u s  o f  c g l i n d e r  

t s k i n  t h i c k n e s s  

I n  a l i k e  \manner t h e  v a l u e  o f  i s  t a k e n  f r o m  r e f e r e n c e  3.2 

( c t l r v e  c o f  f i g .  7 )  t o  be 1 8 , 0 0 0  p s i .  I n  a r i g o r o u s  a n a l y -  
sis t h e s e  a l l o w a b l e  s t r e s s e s  woald be  r e d u c e d  37 abou t  1 0  per-  
c e n t  b e c a u s e  o f  t h e  e f f e c t  o f  e l e v a t e d  t e m p e r a t u r e s  on t h e  
t a n g e n t  modulus of  e l a s t i c i t y .  ( S e e  r e f e r e n c e  13 . )  T h i s  f a c -  
t o r  h a s  been  n e g l e c t e d ,  however ,  b e c a u s e  of  t h e  g e n e r a l  n a t u r e  
o f  t h e  d i s c u s s i o n .  I f  t h e  t o r s i o n a l  a n d  b e n d i n g  s h e a r  due  t o  
a e r o d y n a m i c  l o a d i n g  i s  assumed t o  r ema in  c o n s t a n t ,  t h e n  
fs = ?300 p s i .  ( S e e  f i g .  1 3 . )  S u b s t i t u t i o n  of t h e  f o r e g o i n g  
v a i u e s  i n  e q u a t i o n  ( 2 )  p r o v i d e s  a n  a l l o w a b l e  comDression 
s t r e s s  i n  combined l o a d i n g  o f  f c  = 7800 p s i .  

Fc 

A c o m p a r i s o n  o f  t h e  a c t u a l  c o m p r e s s i o n  s t r e s s  (4000  p s i )  
w i t h  t h e  a l l o w a b l e  s t r e s s  (7800 p s i )  i n d i c a t e s  t h a t  t h e  t h e r -  
m a l  s y s t e m  has  n o t  r e s u l t e d  i n  e, c r i t i c a l  s t r e s s  c o n d i t i o n .  
Such  a s t a t e r c e n t ,  however ,  s h o u l d  be q u a l i f f e d  w i t h  a few r e -  
marks which  a r e  of  i n t e r e s t .  The c o m p r e s s i - n  l o a d  i n  t h e  
l e a d i n g  edge  due  t o  c h o r d  b e n d i n g ,  a l t h o u g h  n e g l i g i b l e  f o r  
t h e  u n r e v i s e d  w i n g ,  c a n n o t  be n e g l e c t e d  for t h e  h e a t e a  wing .  
The w i n g  s t r u c t u r a l  a n a l y s i a  i n d i c a t e s  t h a t  t h e  compress ion  
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V due t o  c h o r d  b e n d i n g  i s  €!bout 5000 p e i , w h i c h ,  when added  t o  
t h e  t h e r m a l  c o m p r e s s i o n ,  g i v e s  a t o t a l  v a l u e  of  9000 p s i .  
This v a l u e  i s  1200 p s i  i n  e x c e s s  o f  t h e  a l l o w a b l e .  I t  i s  n o t  
i n t e n d e d  t h a t  t h e s e  f i g u r e s  s h o u l d  be t a k e n  a s  a p r e c i s e  i n -  
d i ' c a t i o n  t h a t  t h e  a l l o w a b l e  h a s  been  e x c e e d e d ,  b e c a u s e  o f  t h e  
u n c e r t a n t i e s  i n v o l v e d  i n  e q u a t i o n  ( 2 )  and t h e  unknown i n c r e a s e  
i n  a l l b w a b l e  s t r e s s  a f f o r d e d  by t h e  i n n e r  c o r r u g a t e d  s k i n .  
I t  i s  i n t e n d e d ,  however ,  t o  p o i n t  ou t  t h a t  t h e  t h e r m a l  s t r e s s e s  . 
supe r imposed  on t h e  a e r o d y n a m i c  s t r e s s e s  migh t  p r o d u c e  a c r i t -  
i c a l  c o n d i t i o n  i n  combined l o a d i n g ,  p a r t i c u l a r l y  i n  c a s e 8  
where t h e  i n n e r  s k i n  c a n n o t  a p p r e c i a b l y  i n c r e a s e  the a l l o w a b l e  
, s t r e s s  of t h e  o u t e r  s k i n .  

The c h o r d w i s e  t e n s i o n  s t r e s s  was n o t  a n t i c i p a t e d  p r i o r  
t o  t h e  i n v e , s t i g a t i o n  a n d  w a s  p r o b a b l y  t h e  r e s u l t .  o f  l a r g e r  
e x p a n s i o n  f o r c e s  i n  t h e  tori-ugated i n n e r  s k i n  t h a n  i n  the 
c o o l e r  o u t e r  s k i n .  A l t h o u g h  t h e  t e n s i o n  e t r e s a  was c o n s i d e r e d  
n e g l i g i b l e  i n  t h e  p r e v i o u s  d i a c u s s i o n ,  i t  migh t  p r o v e  o f  im- 
p o r t a n c e  I n  some i n s t a n c e s  o f  combined  l o a d i n g ,  p a r t i c u l a r l y  
i f  t h e  i n n e r  s k i n  h a 8  c o n s i f l e r a b l e  r e s i s t a n c e  t o  b u c k l i n g  
u n d e r  c h o r d w i s e  c o n p r e s s i o n .  I t  i s  e v i d e n t  f rom t h e  forego3.ng  

t i o n  has r e s u l t e d  i n  a need for s t r u c t u r a l - t e s t  d a t a  o n  t h e  
s t r e n g t h  o f  i n t e r n a l l y  s t i f f e n e d  c y l i n d e r s ,  which  a r e  r e p r e -  
e e n t R t i v e  o f  p r a c t i c a l  d o u b l e - s k i n  l e a d i n g - e d g e  d e s i g n s ,  u n d e r  
combine4 l o a d i n g ,  

d i s c u s s i o n  t h a t  t h e  g e n e r a l  a c c e p t a n c e  of  t h e r m a l  i c e  p r e v e n -  # 

The e f f e c t  of  e l e v a t e d  t e m p e r a t u r e s  on t h e  s t r e n g t h  a n d  
e l a s t i c i t y  o f  t h e  wing  m a t e r i a l  i s  a s u b j e c t  o f  c o n s i d e r a b l e  
i n t e r e s t  i n  t h e  d e s i g n  o f  t h e r m a l  i c e - p r e v e n t i o n  e q u i p m e n t ,  
b u t  a d e t a i l e d  d i s c u s s i o n  i s  r e g a r d e d  a s  beyond t h e  s c o p e  O f  
t h i s  r e p o r t ,  The g e n e r a l l y  a c c e p t e d  t e n p e r a t u r e  l i m i t  f o r  
a l u n i n u m - a l l o y  s t r u c t u r a l  members i s  200° F .  Above t h i s  t e m -  
p e r a t u r e ,  r e d u c t i o n s  i n  t h e  a l l o w a b l e  s t r e s s e s  a r e  r e q u i r e ? .  
An e x a m i n a t i o n  o f  t a b l e  V i n d i c a t e s  t h a t  c e r t a i n  l e a d i n g - e d g e  
components  such  as  n o s e  r i b s  may e x c e e d  t h i s  c r i t i c a l  t e m p e r -  
a t u r e ,  r e s u l t i n g  i n  a l o w e r i n g  o f  t h e  a l l o w a b l e  s t r e s s ,  but 
s t r u c t u r e  a f t  o f  t h e  l e a d i n g  e d g e  c a n  be m a i n t a i n e d  a t  sub-  
c r i t i c a l  t e m p e r a t u r e s .  A l t h o u g h  r e s e a r c h e s  s u c h  as  t h a t  p r e -  
s e n t e d  i n  r e f e r e n c e  13 are p r o v i d i n g  v a l u a b l e  i n f o r m a t i o n  on 
t h e  s t r e n g t h  o f  a i r c r a f t  s t r u c t u r a l  m a t e r i a l s  a t  e l e v a t e d  
t e m p e r a t u r e s ,  f u r t h e r  i n v e a t i g a t i o n s  a p p e a r  d e s i r a b l e  t o  e s -  
t n b l i s h  t h e  e f f e c t  o f  c y c l i c  h e a t i n g  o v e r  a l o n g  p e r i o d  o f  
t i m e  on t h e  s t r e n g t h  o f  a i r c r a f t  m a t e r i a l s  a n d  t o  examine  t h e  
phenomena a s s o c i a t e d  w i t h  mota1 '1crecspt1 a t  i n c r e a s e d  t e m p e r a -  
t u r e s .  The e x t e n s i o n  o f  a i r p l a n e  s p e e d s  i n t o  t h e  s o n i c  r a n g e  
W i l l  r e s u l t  i n  a e r o d y n a m i c  h e a t i n g  of  t h e  a i r p l a n e  s u r f a c e s  
of a p p r e c i a b l e  m a g n i t u d e ,  and t h e r m a l  s t r e s s  p r o b l e m s  w i l l  be d 
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d u n a v o i d a b l e .  Thus a d d i t i o n a l  r e s e a r c h  on wing  t h e r m a l  s t r e s s -  
e s ,  p a r t i c u l a r l y  i n  t h e  l e a d i n g - e d g e  r e g i o n ,  w i l l  be  o f  v a l u e  
i n  t h e  deve lopment  o f  wings  f o r  h igh - speed  a i r p l a n e s  as w e l l  
a8 i n  t h e  deve lopment  of  t h e r m a l  i c e - p r e v e n t i o n  s y s t e m s .  

C ONCLU S I ON S 

From f l i g h t  t e s t s  of  t h e  change  i n  s t r e s s  i n  wing a t r u c -  
t u r e  r e s u l t i n g  from t h e  o p e r a t i o n  of  t h e  t h e r m a l  i d e - p r e v e n -  
t i o n  s y s t e m ,  t h e  f o l l o w i n g  c o n c l u s i o n s  a r e  made: 

1, The o p e r a t i o n  of  a wing- l ead ing-edge  t h e r m a l  i c e -  
p r e v e n t i o n  s y s t e m  c a n  r e s u l t  i n  s t r e s s  c h a n g e s  which may ( d e -  
p e n d i n g  upon t h e  u n h e a t e d  wing m a r g i n s  of  e a f e t y )  be n e g l i g i -  
b l e  f o r  r e g i o n s  a f t  of  t h e  d o u b l e - s k i n  r e g i o n  b u t  w i l l  r e q u i r e  
i n v e s t i g a t i o n  f o r  t h e  l e a d i n g - e d g e  r e g i o n .  

2. L o c a l  t h e r m a l  e t r e s s e a ,  p o s s i b l y  o f  c r i t i c a l  m a g n i t u d e ,  
can  bo i n d u c e d  i n : t s h e e t - s t i f f e n e r  c o m b i n a t i o n s  n e a r  t h e  l e a d -  
i n g  edge  a s  a r e e u l t  o f  t e m p e r a t u r e  g r a d i e n t s  i n  t h e  o r d e r  of 
30 3' be tween  t h e  s t i f f e n e r  a n d  t h e  a d j a c e n t  s k i n .  

Ames A e r o n a u t i c a l  L a b o r a t o r y ,  
N a t i o n a l  A d v i s o r y  Committee f o r  A e r o n a u t i c s ,  

M o f f e t t  F i e l d ,  C a l i f .  
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Figure '7.- Typical letrain-gage and thermocouple i n s t a l l a t i o n  
in left-wing outer panel, C-46 airplane.  
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